Synopsis Across invertebrates and vertebrates, steroids are potent signaling molecules that affect nearly every cell in the organism, including cells of the nervous system. Historically, researchers have focused on the genomic (or ''nuclearinitiated'') effects of steroids. However, all classes of steroids also have rapid non-genomic (or ''membrane-initiated'') effects, although there is far less basic knowledge of these non-genomic effects. In particular, steroids synthesized in the brain (''neurosteroids'') have genomic and non-genomic effects on behavior. Here, we review evidence that estradiol has rapid effects on aggression, an important social behavior, and on intracellular signaling cascades in relevant regions of the brain. In particular, we focus on studies of song sparrows (Melospiza melodia) and Peromyscus mice, in which estradiol has rapid behavioral effects under short photoperiods only. Furthermore, in captive Peromyscus, estrogenic compounds (THF-diols) in corncob bedding profoundly alter the rapid effects of estradiol. Environmental factors in the laboratory, such as photoperiod, diet, and bedding, are critical variables to consider in experimental design. These studies are consistent with the hypothesis that locally-produced steroids are more likely than systemic steroids to act via nongenomic mechanisms. Furthermore, these studies illustrate the dynamic balance between genomic and non-genomic signaling for estradiol, which is likely to be relevant for other steroids, behaviors, and species.
Introduction
Sex steroids are critical for the development and function of the nervous system in all vertebrate species (Micevych and Hammer 1995; Adkins-Regan 2005) . Traditionally, the brain has been considered a recipient of sex steroids produced by the gonads. This idea is based on much evidence, starting with experiments on birds by Berthold (Quiring 1944) that founded the field of endocrinology (Soma 2006) . In the 1970s, this idea was slightly modified when the enzyme aromatase was found in the brain (Naftolin et al. 1975) . Aromatase converts testosterone (T) to estradiol (E 2 ), and this metabolism of T represents the final stages of the action of T. The same is true of brain 5-reductase, which converts T to 5-dihydrotestosterone (5-DHT) (Celotti et al. 1992) . Although these developments no longer portray the brain as a passive recipient of gonadal steroids, they still assume that the brain can only metabolize T that was produced elsewhere and then reached the brain via the general circulation.
It is now clear that the adrenal glands and the brain itself play critical roles in supplying sex steroids to specific neural circuits. For example, the sexsteroid precursor dehydroepiandrosterone (DHEA) and its sulfated ester are synthesized in abundant quantities by the human adrenal cortex (Thijssen and Nieuwenhuyse 1999; Rainey et al. 2002; Beck and Handa 2004; Labrie et al. 2005) . Importantly, DHEA lacks a specific intracellular steroid receptor, but DHEA can be locally metabolized into active sex steroids in peripheral tissues (e.g., prostate, breast) or regions of the brain (e.g., hypothalamus, hippocampus) with the necessary steroidogenic enzymes; this phenomenon is known as ''intracrinology'' (Labrie et al. 2005) . Furthermore, specific regions of the brain can synthesize DHEA, T, and E 2 de novo from cholesterol, independently of the gonads and adrenals (Corpechot et al. 1981; Mellon and Griffin 2002; Do Rego et al. 2009 ). Steroids synthesized within the nervous system, either from circulating precursors or de novo, are termed ''neurosteroids'' (Baulieu 1998; Corpechot et al. 1981; Schmidt et al. 2008; Do Rego et al. 2009; London et al. 2009; Schlinger and Remage-Healey 2012) . These discoveries fundamentally alter our perspective, because they shift the focus from systemic levels of steroids in the blood to local levels of steroids in target tissues.
Steroid levels in the blood do not always reflect those in specific regions of the brain (Hojo et al. 2011; Taves et al. 2011b ). In addition, gonadectomy does not eliminate sex steroids from some regions of the brain (Fester et al. 2011; Okamoto et al. 2012) . The brain also synthesizes glucocorticoids and mineralocorticoids, and adrenalectomy does not eliminate corticosteroids from some regions (Taves et al. 2011a (Taves et al. , 2011b . In fact, gonadectomy or adrenalectomy can lead to a compensatory increase in production of neurosteroids that maintains steroid levels in specific regions (Ye et al. 2008 ). Many studies have measured mRNA for steroidogenic enzymes in brain regions and neural cell lines, and it is clear that many, if not all, major classes of steroids (progestins, androgens, estrogens, glucocorticoids, mineralocorticoids) are made locally in the brain (Mellon and Griffin 2002; Tsutsui et al. 2006; Do Rego et al. 2009; Taves et al. 2011b; Fokidis et al. 2015) . However, much about the behavioral functions and mechanisms of action of neurosteroids remains unknown. A growing body of evidence suggests that the mechanisms by which peripherally-produced versus centrally-produced steroids influence neurophysiology and behavior might be fundamentally different.
Genomic and non-genomic mechanisms of steroid action
The traditional view of how steroid hormones affect physiology and behavior was that steroids bind intracellular receptors that dimerize, translocate to the nucleus, bind hormone response elements on DNA, and alter the expression of genes whose protein products go on to influence behavior (AdkinsRegan 2005) . This relatively slow mechanism of action for steroids was dogma for decades (Losel and Wehling 2003) . However, as early as 1941, Hans Selye demonstrated that intraperitoneal injection of various steroids (e.g., deoxycorticosterone acetate, progesterone) produced deep anesthesia in rats within 15 min of administration (Seyle 1941 ). This groundbreaking study was the very first to show that steroids can affect physiology and behavior within minutes, and now rapid effects of all major classes of steroids are well-established (Wendler et al. 2010) .
Today, the molecular mechanisms by which steroids influence cells are broadly categorized as either genomic (or ''nuclear-initiated'') or non-genomic (or ''membrane-initiated'') signaling (Losel and Wehling 2003; Trainor et al. 2007a; Vasudevan and Pfaff 2008; Roepke et al. 2009; Thomas 2012) . Non-genomic signaling by steroids is seen across taxa, including plants, invertebrates, and vertebrates (Losel and Wehling 2003; Srivastava et al. 2005; Belkhadir and Chory 2006) . While all classes of steroids have nongenomic effects on cells in the brain, the estrogens are the best characterized. The genomic mechanisms of action of E 2 in the regulation of multiple forms of social behavior, especially reproductive behavior, have been thoroughly examined (McEwen 1981; Balthazart et al. 2009 ). For example, E 2 has wellcharacterized effects on female reproductive behavior via changes in gene expression in hypothalamic and limbic nuclei (Christensen and Micevych 2012; Sinchak and Wagner 2012) . In fact, for many years, only estrogen receptors in the diencephalon and their effects on female reproductive behavior were the focus of most research. As a result, it came as a surprise to many when it was discovered that E 2 also has important effects on the brains of males, on other brain regions (e.g., hippocampus, prefrontal cortex), and on other kinds of behaviors (e.g., learning and memory, aggression) ). E 2 is also now known to play a critical role in susceptibility to seizure (Ledoux et al. 2009 ), neuroinflammation (Duncan and Saldanha 2011) , recovery from traumatic brain injury and stroke (Saldanha et al. 2009 ), and neuroprotection in Parkinson's disease and Alzheimer's disease (Azcoitia et al. 2011; Bourque et al. 2012; Overk et al. 2013 ). E 2 affects nearly every part of the central nervous system and exerts genomic effects on diverse loci in the brain, from regions involved in sensory processing to cognition (Aenlle et al. 2009; Remage-Healey et al. 2012) .
E 2 has numerous and widespread effects on the brain and behavior within 30 min, a timeframe that is widely considered incompatible with a genomic mechanism of action. For example, E 2 rapidly modulates the release of GABA, the firing of neurons, calcium flux, and the activities of kinases (such as extracellular signal-regulated kinase [ERK], phosphatidylinositol 3-kinase, and protein kinase A and C), as well as cyclic adenosine monophosphatedependent phosphorylation (Moss and Gu 1999; Mermelstein and Micevych 2008; Micevych and Dominguez 2009; Heimovics et al. 2012) . Notably, in some contexts the non-genomic effects of E 2 have been shown to potentiate the genomic effects of E 2 (Vasudevan and Pfaff 2008) . Remarkably, some of these effects are sex-specific. For example, estradiol rapidly suppresses the release of GABA by hippocampal neurons derived from female rats but not from male rats (Huang and Woolley 2012) . These non-genomic effects of E 2 have become widely accepted within the past 10-15 years. However, much of this work has been done in vitro with dissociated neurons from developing animals, cultured slices of brain tissue, or with cell lines. Much less work has been done in vivo or on adult animals, with a focus on behavior.
Many of the rapid effects of experimentally administered E 2 require higher doses than typically used to study the long-term effects of E 2 Pradhan et al. 2008; Trainor et al. 2008) . Local levels of E 2 in the brain can be 50-200Â higher than systemic levels of E 2 in the plasma (Hojo et al. 2004; Charlier et al. 2010b Charlier et al. , 2011 Taves et al. 2010; Overk et al. 2013 ). Thus, the high E 2 doses necessary to elicit some of the rapid effects of E 2 might produce physiologically-relevant elevations in local concentrations of E 2 . Also, high local E 2 levels could activate putative lower-affinity estrogen receptors that are not activated by lower systemic levels of E 2 . Some studies have found membrane-associated estrogen receptors in the brain with relatively low affinity (Ramirez et al. 1996; Woolley 2007) . Such putative membraneassociated receptors might mediate the effects of locally-produced E 2 . In addition, local E 2 levels can rise from baseline values to very high concentrations quickly, because aromatase and other steroidogenic enzymes in the brain are rapidly regulated (Soma et al. 2004; Charlier et al. 2010a; Pradhan et al. 2010) . Recently, we found that E 2 levels in song sparrow's brain tissue vary by region and season, and range from approximately 175 pg/g to approximately 400 pg/g (S. A. Heimovics, N. H. Prior, C. Q. Ma and K. K. Soma, unpublished data). Brain aromatase is rapidly regulated by calcium-dependent phosphorylation and by neurotransmitters such as dopamine and glutamate (Charlier et al. 2010a ). Further, aromatase is present in presynaptic boutons ) and E 2 levels at these synapses might be quite high. Together, these data raise the hypothesis that neurally-synthesized E 2 might act more like a neurotransmitter or neuromodulator than like a classical hormone Remage-Healey et al. 2010; Saldanha et al. 2011) .
Similarly, glucocorticoids have rapid effects on the brain and immune system (Orchinik et al. 1991; Schmidt et al. 2008 Schmidt et al. , 2010 . For example, glucocorticoids affect aggression via non-genomic and genomic mechanisms (Hayden-Hixson and Ferris 1991; Mikics et al. 2004; Charlier et al. 2009 ). Many of the rapid effects of glucocorticoids, especially on the immune system, also require high doses (Stahn and Buttgereit 2008) . Locally-synthesized steroids can be produced quickly, reach high local concentrations, and rapidly bind to nearby receptors. These points suggest that locally-produced steroids are more likely than systemic steroids to act via non-genomic mechanisms (Schmidt et al. 2008 ).
Rapid effects of E 2 on social behavior
In 1991, our understanding of the mechanisms by which E 2 can influence social behavior was fundamentally altered when Hayden-Hixson and Ferris (1991) found that an infusion of E 2 directed at the anterior hypothalamus could rapidly (within 20 min) increase agonistic behavior in male hamsters. Similarly, in 1999, Cross and Roselli (1999) showed that a single intraperitoneal injection of E 2 could rapidly (within 35 min) increase sexual behavior (anogenital sniffing, mounting) in castrated male rats (Cross and Roselli 1999) . These authors speculated that ''estrogens may affect behavior in males through nontranscriptional mechanisms mediated at the membrane level'' (Cross and Roselli 1999) . In the years that have followed these seminal studies, it has become well-accepted that E 2 can rapidly initiate intracellular signaling cascades via actions at the plasma membrane and that these intracellular signaling cascades rapidly affect behavior. Recent studies have shown that non-genomic E 2 signaling is important for sexual behavior in rodents and birds (Vasudevan and Pfaff 2008; Charlier et al. 2010a; Christensen and Micevych 2012) , social learning and memory in rodents (Fan et al. 2010; Choleris et al. 2012) , and song perception in songbirds (Remage-Healey et al. 2010) . Several excellent reviews have been published recently that highlight the rapid, non-genomic effects of E 2 on these behavioral processes (Boulware et al. 2013; Cornil et al. 2013; Ervin et al. 2013; Micevych and Sinchak 2013; Remage-Healey et al. 2013; Laredo et al. 2014) . Here, we focus on the evidence that E 2 can exert rapid effects on aggressive behavior, and highlight research from birds and mice suggesting that Rapid effects of estradiol on aggression 283
environmental factors, such as photoperiod, fundamentally alter the propensity for E 2 to modulate aggression via non-genomic mechanisms. Across vertebrate species, establishment and defense of territories typically are associated with the breeding season, when plasma levels of T are elevated, and neural aromatization of circulating T is critical for the expression of aggressive behavior (Schlinger and Callard 1990; Toda et al. 2001; Matsumoto et al. 2003; Silverin et al. 2004 ). However, song sparrows (Melospiza melodia) of the Pacific Northwest display robust territorial aggression throughout the year (except during molt), including during the non-breeding season when the gonads are completely regressed and plasma T, 5-DHT, androstenedione (AE), estrone (E 1 ), and E 2 are non-detectable (Wingfield and Hahn 1994; Soma et al. 1999; Soma and Wingfield 2001) . This led researchers to initially hypothesize that non-breeding territorial aggression is not regulated by sex steroids in this species. This idea was supported by evidence that (1) plasma levels of T do not rise in response to a simulated territorial intrusion (STI) during the non-breeding season (Wingfield and Hahn 1994) ; (2) removal of the regressed testes does not reduce aggression during a STI or impair the ability to maintain a territory during the non-breeding season (Wingfield 1994) ; and (3) juvenile males with immature gonads successfully establish and defend territories in the non-breeding season (Wingfield and Hahn 1994; Nordby et al. 1999 ). However, acute and chronic treatments with aromatase inhibitors (given peripherally) significantly decrease multiple measures of non-breeding aggression (Soma et al. 1999 (Soma et al. , 2000a (Soma et al. , 2000b . Together, these data indicate E 2 is critical to the expression of aggressive behavior in both the breeding and non-breeding seasons.
Testosterone secreted by the gonads is the presumed main source of androgen substrate for brain aromatase in the breeding season. In contrast, the (indirect) source of androgen substrate for brain aromatase in the non-breeding season appears to be DHEA. In non-breeding birds, plasma levels of DHEA are several times higher than plasma levels of T and AE (Soma and Wingfield 2001; Heimovics et al. 2013) . Furthermore, the seasonal patterns of plasma DHEA levels and territorial behavior are similar: both are reduced during molt (Soma and Wingfield 2001; Newman et al. 2008) . The source of DHEA in the general circulation of non-breeding birds may be the regressed testes, the adrenals, or the liver (which all have high DHEA levels) (Soma and Wingfield 2001; Soma 2009, 2011) or the brain itself (the songbird brain expresses all of the enzymes required to produce DHEA de novo from cholesterol) (Tsutsui et al. 2006; Schlinger and Remage-Healey 2011) . Taken together, these data suggest that the neuroendocrine control of non-breeding territoriality in song sparrows is critically dependent upon E 2 made locally in the brain (i.e., neuroestrogens) (Heimovics et al. 2013; Soma et al. 2015) . This is important because a growing body of evidence suggests that steroids produced locally in the brain are more likely than systemic steroids to act via rapid, non-genomic mechanisms (Schmidt et al. 2008; Cornil et al. 2013; Remage-Healey et al. 2013) .
Notably, there are no major qualitative or quantitative seasonal differences in aggressive behavior during a STI in male song sparrows (Wingfield and Hahn 1994; Mukai et al. 2009; Newman and Soma 2011) . When presented with a caged live decoy and playback of conspecific song, breeding and nonbreeding birds sing, direct flights, approach, and spend time in close proximity to an ''intruder'' at similar rates. However, after a STI is terminated, breeding birds can remain aggressive for hours, while non-breeding birds stop behaving aggressively very quickly (Wingfield 1994) . To date, the proximate mechanisms underlying this seasonal plasticity in the persistence of aggressive behavior (i.e., aggression during the breeding season is persistent; aggression outside of the breeding season is transient) remain unclear. As stated previously, aggressive behavior in both contexts depends upon brain aromatization, but the source of androgen substrate for aromatase appears to be seasonally variable. These data raise the hypothesis that the mechanisms by which brain-derived E 2 regulates territorial aggression are also seasonally variable. Given that (1) neuroestrogens are critical to the expression of territorial aggression in the non-breeding season (2) locallyproduced steroids are more likely to act non-genomically, and (3) non-genomic mechanisms are rapid and transient, one possibility is that aggression outside of the breeding season is regulated in song sparrows by E 2 acting via a non-genomic mechanism.
To test this hypothesis, the rapid effects of E 2 on aggressive behavior were examined in male song sparrows, some in non-breeding condition and others in breeding condition, which were housed in outdoor aviaries and exposed to natural photoperiods (non-breeding % 10L:14D, breeding % 17L:7D) (Heimovics et al. 2015) . In order to minimize the stress associated with handling, surgery, and injection, subjects were not pre-treated with an aromatase inhibitor and E 2 was administered non-invasively.
The E 2 (300 mg cyclodextrin-encapsulated 17-estradiol) or vehicle (2-hydroxylpropyl--cyclodextrin) was injected into wax-moth larvae that were subsequently fed to subjects. Ten minutes later, subjects experienced a laboratory-STI, wherein a caged live decoy was placed immediately adjacent to the subject's home cage, and the subject and decoy were left to interact for 10 min. In the non-breeding season, E 2 rapidly increased the number of times subjects contacted the wall adjacent to the decoy (''barrier contacts'') by approximately 175%; these contacts are highly aggressive in this context (Fig. 1A) . Importantly, E 2 had no effect on the number of times subjects contacted the opposite wall, suggesting that E 2 did not affect locomotor behavior in general. In contrast, E 2 had no effect on the number of barrier contacts during the breeding season. These data indicate that E 2 rapidly (within 20 min) increases aggressive behavior in the non-breeding season only. Thus, the rapid behavioral effects of E 2 in this paradigm are profoundly modulated by the environmental context (non-breeding season versus breeding season).
Remarkably, the rapid effects of E 2 on aggression in mice are also strongly dependent on an environmental cue, photoperiod. Administration of E 2 increases male aggressive behavior by approximately 200% within 25 min in two species of Peromyscus mice housed under a short (8L:16D, winter-like) photoperiod (Trainor et al. 2007a (Trainor et al. , 2008 (Fig. 1B) . This same treatment has no effect in mice housed under a long (16L:8D, spring-like) photoperiod. These data suggest that the non-genomic effects of E 2 on behavior may predominate on short days. Interestingly, the effect of photoperiod on E 2 action in Peromyscus is independent of changes in gonadal hormones. Old-field mice (P. polionotus) housed under short days have reduced testicular size and lower levels of circulating T (Trainor et al. 2007b ). However, California mice (P. californicus) housed under short days have similar testicular size and levels of circulating T as those housed under long days. In both species, injections of E 2 rapidly increase aggressive behavior only under short days.
In contrast, microarray and real-time PCR show that genes regulated by estrogen response elements (EREs) (identified as regulated by EREs via ChIP promoter microarray analysis) are up-regulated in the bed nucleus of the stria terminalis (a brain region that regulates aggression) of mice housed under long days when compared with mice housed under short days (Trainor et al. 2007a) . Further, the effect of photostimulation on XRCC1 (an estrogendependent transcript) can be eliminated by an aromatase inhibitor (Trainor et al. 2007a ). While it is still not clear whether this gene affects behavior, these data suggest that the genomic effects of E 2 may predominate on long days. As stated previously, there is some evidence to show that non-genomic and genomic mechanisms of E 2 interact (Vasudevan and Pfaff 2008) but these data strongly suggest that photoperiod shifts the dynamic balance between genomic and non-genomic E 2 signaling.
Importantly, E 2 regulation of aggression in Peromyscus is also highly sensitive to the presence of estrogen-like compounds in the environment. The Peromyscus studies described above were conducted with mice housed in cages lined with corncob bedding. Corncob contains tetrahydrofuran diols (THF-diols), which have estrogen-like properties (Markaverich et al. 2002a (Markaverich et al. , 2002b Mani et al. 2005; Sakhai et al. 2013) . The corncob bedding is ingested by rodents, increasing THF-diols in the blood and reducing ER immunoreactivity in the hypothalamus and phosphorylated ERK throughout the brain (Villalon Landeros et al. 2012) . Surprisingly, when short-day Peromyscus were housed instead on a cardboard-based bedding, E 2 treatment rapidly reduced aggression rather than increasing it. However, consistent with the previous studies using corncob bedding, E 2 rapidly modulated aggression during short days but not long days, and this rapid effect of E 2 was not blocked by the protein synthesis inhibitor cycloheximide (Laredo et al. 2013 ). Protein synthesis is considered to be an important component of the genomic actions of steroid hormones (O'Malley and Means 1974). The striking effects of type of bedding on E 2 action have the potential to impact a wide range of research programs utilizing rodents in a laboratory setting. Many animal facilities are switching to corncob bedding, sometimes without input from researchers (Sakhai et al. 2013) . Although the bedding in cages often is not considered in experimental design, these examples highlight the sensitivity of estrogen signaling to environmental factors such as photoperiod, bedding, diet, or endocrine disruptors in plastic cages or water bottles (Laredo et al. 2014) .
Notably, data from another songbird (Gambel's white-crowned sparrow, Zonotrichia leucophrys pugetensis) show that an environmental factor can alter the rapid (non-genomic) effects of corticosterone (CORT) on behavior. Specifically, Breuner and Wingfield (2000) found that non-invasive administration of CORT rapidly increased perch-hopping (activity) in long-day (20L:4D) but not in shortday (8L:16D) subjects. Thus, it appears that photoperiod can profoundly influence the mechanisms by Rapid effects of estradiol on aggression 285
which both E 2 and CORT influence the brain and behavior. The effect of photoperiod on rapid, nongenomic effects of other steroid hormones on behavior remains to be explored. Importantly, while seasonality and photoperiodism are pervasive in nature, they are largely neglected in behavioral neuroscience research in the laboratory. Much of our understanding of how the brain regulates behavior comes from traditional rodent models housed on an invariant and intermediate photoperiod (12L:12D). Thus, potential effects of photoperiod on neuroendocrine mechanisms may be greatly underappreciated (Nelson and Trainor 2007; Soma et al. 2008; Newman et al. 2013 ).
Mechanisms underlying the shift to nongenomic signaling
The proximate mechanisms that underlie seasonal differences in the rapid, non-genomic effects of E 2 on aggressive behavior remain unclear. One possibility is that photoperiod drives seasonal changes in gonadal secretion of T, which then affects E 2 signaling in the brain. However, it is worth noting that photoperiod does not alter circulating levels of T in California mice, yet the non-genomic effects of E 2 on aggressive behavior are nonetheless only seen in short-day subjects (Trainor et al. 2008; Laredo et al. 2013 ). Thus, photoperiod might alter E 2 signaling in the brain via other pathways. It is widely known that photoperiod affects the nocturnal synthesis and secretion of melatonin by the pineal gland (Reiter 1980 ; Bartness and Goldman 1988) . Photoperiod also affects the diurnal synthesis and secretion of vitamin D by the skin (Norman 1998; Parker et al. 2002) . Thus, it is possible that the effects of photoperiod on E 2 signaling are mediated by melatonin and/or vitamin D. For example, melatonin and/or vitamin D could potentially influence the trafficking of classical estrogen receptors to the plasma membrane, expression of non-classical estrogen receptors, or the ability of these receptors to activate intracellular signaling cascades (see below).
Classical estrogen receptors
It appears unlikely that photoperiodic changes in E 2 signaling are mediated by simple alterations in the expression of ER or ER. Three species of rodents with elevated aggression under short days (Siberian hamsters, old-field mice, and deer mice) all have increased ER immunoreactivity in the BNST under short days (Trainor et al. 2007b; Kramer et al. 2008) . However, California mice also have elevated aggression under short days, yet ER immunoreactivity in the BNST is not increased (Trainor et al. 2008) . Estrogens act rapidly to modulate aggression under short days in both old-field mice and California mice, so increased neural ER immunoreactivity does not appear to be a pre-requisite.
One question that has not yet been examined is whether photoperiod modulates the trafficking of classical estrogen receptors. Levels of ER and ER associated with the plasma membrane are dynamic; Fig. 1 The non-genomic effects of E 2 on aggressive behavior are seasonally variable in songbirds and mice. Bar graphs (mean AE SEM) representing a significant rapid (within 20-25 min) effect of E 2 on (A) the number of barrier contacts made by male song sparrows during a 10-min STI and (B) the number of offensive attacks made by male Peromyscus mice during a 7-min resident-intruder test. E2 administration rapidly increased aggressive behavior in non-breeding sparrows and in mice housed under short days, but not in breeding sparrows or in mice housed under long days, suggesting that E2 promotes aggression via a non-genomic mechanism in winter. *P 0.05 (CON versus E2). Modified from Trainor et al. (2007a) and Heimovics et al. (2015) . 286 S. A. Heimovics et al. these receptors are trafficked to, and then sequestered from, the plasma membrane as needed (Milner et al. 2001 (Milner et al. , 2005 Mermelstein and Micevych 2008; Dominguez and Micevych 2010; Mitterling et al. 2010; Hammes and Levin 2011) . Based on the results of behavioral studies, we would expect higher levels of classical estrogen receptors at the plasma membrane under short photoperiods. Future studies should examine this possibility.
Non-classical estrogen receptors
Currently, there is some evidence that behavior is regulated by a membrane-bound estrogen receptor: G-protein-coupled estrogen receptor-1 (GPER-1, previously known as GPR30). GPER-1 was first identified in breast cancer cells and then later identified in mammalian cortex, hippocampus, and hypothalamus (Thomas et al. 2005; Prossnitz and Barton 2011; Filardo and Thomas 2012) . So far, no study has directly tested whether GPER-1 modulates aggressive behavior.
However, recent studies show that GPER-1 is an important modulator of behavior (Kastenberger et al. 2012b; Anchan et al. 2014a Anchan et al. , 2014b Hart et al. 2014) . In intact male C57Bl/6N mice, administration of a GPER-1 agonist (G-1, 1 mg/kg) has anxiogenic effects in the open field test, elevated plus maze, and lightdark box test (Kastenberger et al. 2012a (Kastenberger et al. , 2012b . Increased anxiety-like behavior has been linked to elevated levels of aggression in mice (Kudryavtseva et al. 2014) , suggesting that GPER-1 could modulate aggression as well. However, in a separate study, very different results were observed in castrated male mice. In castrated mice, administration of G-1 ($125 mg/kg) has anxiolytic effects (Hart et al. 2014) . These results suggest that the effects of GPER-1 activation may depend on gonadal hormones, which can upregulate or downregulate steroid receptors in a region-specific manner (Brown et al. 1996) . It is still unclear how GPER-1 expression is modulated by gonadal hormones. Alternatively, the effects of G-1 on anxiety might vary with dose; the dose of G-1 that induced anxiogenic effects was almost 10 times higher than the dose that induced anxiolytic effects. Further systematic research will be needed to determine what role, if any, GPER-1 plays in modulating aggressive behavior.
Intracellular signaling cascades
In order for membrane-associated estrogen receptors to rapidly modulate neural activity, a second messenger system must be activated. Several candidate pathways have been investigated. Activation of ERK has been considered a good candidate, because phosphorylated ERK (pERK) can alter neuronal excitability and the release of neurotransmitter (Selcher et al. 2003) . Estradiol can rapidly induce phosphorylation of ERK in the brain, an effect that is blunted in female ER and ER knockout mice (Abraham et al. 2004) . Injection of E 2 -BSA also induces phosphorylation of ERK in spinal cord tissue from female rats (Nag and Mokha 2014) , suggesting that membrane-associated receptors mediate the effects of E 2 on the activation of ERK.
In Peromyscus, E 2 rapidly regulates aggression under short days. Interestingly, engaging in aggression tests increases the number of pERK-positive cells in the BNST and MEA of male California mice, but only under short days (Trainor et al. 2010) . Furthermore, the number of pERK-positive cells in these regions was positively correlated with aggression. The mice in these studies were intact and were not treated with hormones. Hormone manipulation studies suggest that the relationships between E 2 , ERK activity, and aggression are complex. In one study, male California mice were housed under short days (and on cardboard-based bedding) and treated with an aromatase inhibitor (fadrozole) for 10 days to reduce endogenous estrogens. Notably, treatment with fadrozole increased aggressive behavior and also decreased the number of pERK-positive cells in the BNST and MEA (Villalon Landeros et al. 2012 ). This result indicates that increased aggressive behavior can also be associated with decreased levels of ERK activation in the BNST and MEA of male California mice.
The rapid effects of E 2 on intracellular signaling have also been examined in song sparrows. Subjects that were in breeding or non-breeding condition were treated with an aromatase inhibitor (fadrozole) for 10 days, then injected with saline or E 2 (500 g/ kg s.c.), and 15 min later their brains were harvested. Injections of E 2 decreased pERK immunoreactivity in nucleus taeniae (TnA, part of the extended amygdala) and had no effect on pERK in the BNST (Heimovics et al. 2012) . Notably, this rapid inhibitory effect of E 2 on pERK in TnA was observed both in breeding and in non-breeding birds, whereas a rapid stimulatory effect of E 2 on aggressive behavior was only seen in non-breeding birds. Thus, studies of rodents and birds have shown that the effects of E 2 on pERK in the BNST and amygdala can be dissociated from the effects of E 2 on aggression. While the ERK activity in the extended amygdala is sensitive to estrogen signaling, it might not be a critical mediator of the rapid effects of estrogens on aggression.
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on animals treated with aromatase inhibitors. Although this approach provides control over levels of estrogens, sustained aromatase inhibition could result in important changes in ERK activity. For example, the effects of the activation of ERK on cellular function are very different depending on the timecourse of activation. Transient activation of ERK can modulate neuronal activity and the release of neurotransmitters (Selcher et al. 2003) . In contrast, sustained activation of ERK induces long-term changes in gene expression and cellular function (Marshall 1995; Grewal et al. 1999) . It is possible that longterm aromatase inhibition may have different effects on ERK activity versus short-term aromatase inhibition. Further, the putative discrepancy between pERK downregulation and the induction of aggression in the song sparrow could be due to the concentrations of neuroestrogens when aromatase inhibitors are administered. For example, too little or too much neuroestrogen can inhibit sociosexual behavior in the quail (Ubuka and Tsutsui 2014) . Thus, it would be useful to compare the effects of long-term inhibition of aromatase versus short-term inhibition both on behavior and on ERK activity. As stated above, E 2 can rapidly modulate phosphorylation of ERK, which phosphorylates a variety of proteins, including cAMP response element binding protein (CREB), a transcription factor that binds to cAMP response elements (CREs) in gene promoter regions. Thus, membrane-initiated E 2 signaling can affect the expression of CRE-containing genes (e.g., c-fos, egr-1). Interestingly, E 2 rapidly decreases pCREB in the medial preoptic nucleus (POM) in non-breeding (but not in breeding) song sparrows (Heimovics et al. 2012) . Notably, this pattern mirrors the rapid effect of E 2 on aggressive behavior in non-breeding (but not in breeding) song sparrows (Heimovics et al. 2015) . The POM is best known for its role in regulating the sexual behavior of males (Balthazart and Ball 2007) , but is also strongly implicated in the regulation of aggressive behavior in birds (Riters 2011; Pan et al. 2010; Patil and Brid 2010) .
Finally, E 2 can rapidly modulate the activity of enzymes involved in neurotransmitter synthesis, in part via activation of ERK. Tyrosine hydroxylase (TH) is a rate-limiting enzyme that is necessary for the synthesis of catecholamines, including dopamine and norepinephrine. Phosphorylation at four different serines in TH appears to facilitate the activity of TH in the hypothalamus (Liu and Arbogast 2008) . Several studies have demonstrated that E 2 rapidly modulates phosphorylation of TH, primarily in rodent striatum. Ovariectomized rats injected with E 2 had increased phosphorylation of TH and increased dopamine synthesis (Pasqualini et al. 1995) and increased release of dopamine in striatum within 15-20 min (Becker 1990 ). Interestingly, E 2 injections do not increase striatal dopamine release in castrated rats (Castner et al. 1993) . In these studies, gonadal status has an important effect on how an acute injection of E 2 impacts dopamine release. In intact female rats, the release of striatal dopamine fluctuates across the estrous cycle, peaking at estrus and proestrus (Xiao and Becker 1994) . Ovariectomy reduces the release of dopamine to levels equivalent to diestrus. In contrast, castration had no effect on the release of dopamine in males. Most studies examining rapid effects of E 2 on dopaminergic function have been conducted with gonadectomized animals, which provides more experimental control over levels of E 2 . However, gonadectomy might alter how the brain responds to a rapid pulse of E 2 . In addition, E 2 may have different effects on TH in the striatum versus in the hypothalamus. One study examined the effect of E 2 on dopamine synthesis in slices of the hypothalamus collected from ovariectomized rats (Pasqualini et al. 1993) . Treatment with E 2 rapidly decreased phosphorylation of TH and reduced dopamine synthesis. Consistent with this observation, E 2 injected into intact male song sparrows reduced the number of pTH-positive cells in the ventromedial hypothalamus but not in the lateral septum (Heimovics et al. 2012) . These data suggest that the downstream effects of E 2 on dopaminergic neurotransmission are region-specific. Given the well-documented role of dopamine in regulating highly motivated, goal-directed behaviors, the interaction between non-genomic E 2 signaling and dopaminergic neurotransmission in the neural control of aggression (a highly goal-directed behavior) will be an important avenue for future research.
Conclusions
Many classes of steroids are produced locally and act locally within a variety of tissues, including the brain (Taves et al. 2011a (Taves et al. , 2015 Fokidis et al. 2015) . A growing body of evidence from across taxa suggests that these neurosteroids act via rapid and transient non-genomic mechanisms (Woolley 2007; Schmidt et al. 2008; Cornil et al. 2013; Remage-Healey et al. 2013) . Data from birds and mice indicate that the non-genomic effects of E 2 on aggressive behavior predominate during the non-breeding season. In the non-breeding season, food is less abundant and low ambient temperatures impose large metabolic costs (Rogers et al. 1991; Rogers 1995; Heimovics et al. 2013) . The additional metabolic costs of engaging in prolonged aggressive behavior can be substantial (Haller 1995; Muehlenbein and Watts 2010) . Thus, a shift to non-genomic steroid regulation of aggressive behavior in the non-breeding season may have evolved because there is adaptive value in transient expression of aggressive behavior at that time (Heimovics et al. 2015) .
Natural and synthetic steroids are among the most widely prescribed medications in the world (e.g., birth control, hormone replacement therapy). In addition, many drugs are used to reduce steroid synthesis or signaling (e.g., to treat breast cancer). Despite this widespread usage, much is unknown about how steroids act on the brain and other organs. This issue is relevant for designing better steroid treatments for estrogen-sensitive brain diseases, such as Alzheimer's disease (Pike et al. 2009; Barron and Pike 2012; Overk et al. 2013) . Treatments targeting the non-genomic effects of neurosteroids may be particularly useful in patients with an endocrine state characterized by low levels of sex steroids in the blood (e.g., most of the elderly; men undergoing androgen deprivation therapy for prostate cancer). Studies of neuroestrogens and non-genomic E 2 signaling will also inform the development of drugs that modulate membrane estrogen receptors, regulate signaling pathways used by E 2 , or stimulate E 2 synthesis in specific regions of the brain. Such developments would greatly reduce the negative side effects of systemic steroid treatments on peripheral organs, which is currently a major concern.
